ABSTRACT Bacteria respond to stressful growth conditions through a conserved phenomenon of stringent response mediated by synthesis of stress alarmones ppGpp and pppGpp [referred to as (p)ppGpp]. (p)ppGpp synthesis is known to occur by ribosome-associated RelA. In addition, a dual-function protein, SpoT (with both synthetase and hydrolase activities), maintains (p)ppGpp homeostasis. The presence of (p)ppGpp is also known to contribute to antibiotic resistance in bacteria. Mycobacterium smegmatis possesses Arr, which inactivates rifampin by its ADP ribosylation. Arr has been shown to be upregulated in response to stress. However, the roles Arr might play during growth have remained unclear. We show that Arr confers growth fitness advantage to M. smegmatis even in the absence of rifampin. Arr deficiency in M. smegmatis resulted in deficiency of biofilm formation. Further, we show that while Arr does not interact with the wild-type Escherichia coli ribosomes, it interacts with them when the E. coli ribosomal protein L11 (a stringent response regulator) is replaced with its homolog from M. smegmatis. The Arr interaction with E. coli ribosomes occurs even when the N-terminal 33 amino acids of its L11 protein were replaced with the corresponding sequence of M. smegmatis L11 (Msm-EcoL11 chimeric protein). Interestingly, Arr interaction with the E. coli ribosomes harboring M. smegmatis L11 or Msm-EcoL11 results in the synthesis of ppGpp in vivo. Our study shows a novel role of antibiotic resistance gene arr in stress response.
I
n their natural habitats, bacteria often encounter suboptimal growth conditions of nutrients, temperature, osmotic pressure, etc. Bacteria are programmed to sense and respond to such stresses via a conserved physiological phenomenon of stringent response (1) . Cellular synthesis of GDP 3=-diphosphate (ppGpp) and GTP 3=-diphosphate (pppGpp), together known as (p)ppGpp (2) , is a hallmark of stringent response. In Gram-negative bacterium such as Escherichia coli, RelA (3) is responsible for the synthetase activity producing (p)ppGpp during nutritional stress, and SpoT (4) is associated with the dual function of synthetase (which senses abiotic stress as carbon pressure, it may be that Arr has a physiological role(s) other than merely conferring Rif resistance. Since Arr is an ADP-ribosyltransferase, we investigated if Arr has any other cellular substrate for ADP-ribosylation by metabolome (liquid chromatography-mass spectrometry [LC-MS] of metabolites) and proteome (two-dimensional [2D] gel electrophoresis) analyses. However, in metabolome or proteome analyses, we were unable to identify Arr-mediated ADP-ribosylation of any physiological metabolites or proteins (data not shown). We then investigated whether ADP-ribosylation activity of Arr is crucial in conferring a growth fitness advantage. Arr mutants (H18A, Y48A, or D83A) (see Fig. S1 in the supplemental material) that are defective for ADP-ribosylation activity (24) were generated, and introduction of these arr mutants into the M. smegmatis Δarr mutant did not confer Rif resistance (Fig. S2 , sectors 5 to 12). However, the positive controls of M. smegmatis and the M. smegmatis Δarr/pMV361arr and M. smegmatis Δarr/pMV261arr strains (Fig. S2 , sectors 1, 3, and 4, respectively) conferred resistance to Rif. Interestingly, in the growth competition assays, the M. smegmatis Δarr strain harboring an Arr mutant (H18A, Y48A, or D83A) also showed growth advantage over the M. smegmatis Δarr strain (Fig. 2) . While the Arr mutants used are deficient in their ADP-ribosylation activities and do not confer Rif resistance, they still confer growth advantages to the bacterium. In the mixed cultures, while the relative abundance of the M. smegmatis Δarr strain was ϳ40%, that of the strains harboring either of the Arr mutants was ϳ60%. The differences between the relative abundances of the M. smegmatis Δarr strain and the M. smegmatis Δarr strain harboring the D83A mutant at different time points appeared less remarkable.
RNA-seq analyses. Prior studies on Arr showed upregulation of Arr transcripts in response to double-stranded DNA break, starvation, and genotoxic antibiotic treatment. Also, Arr was shown to interact with RNA polymerase and the ribosomal protein L11 (25) . Hence, we carried out deep sequencing of RNA (RNA-seq) of the total and the ribosome-bound RNA preparations from M. smegmatis and M. smegmatis Δarr strains. Differentially regulated transcripts included mostly DNA binding proteins with transposase activities and acyl carrier protein. The analysis of the mRNA isolated from actively translating polysomal fractions revealed that the various RNA transcripts for coenzyme A hydrogenases and carboxylases were affected in their abundance. Genes involved in transmembrane transport activity, DNA binding activities, oxidoreductase activities, and lipid biosynthesis pathways, such as isopentenyl-diphosphate deltaisomerase activity, S-malonyltransferase activity, integral membrane proteins, and plasma membrane proteins, were downregulated in the M. smegmatis Δarr strain. The Cultures were grown until saturation without antibiotic, diluted 1,000-fold, mixed at a 1:1 ratio in 7H9 (0.2% glycerol, 0.2% Tween 80), and incubated at 37°C. Percent abundances of the two strains at various times in the culture were determined and plotted as described in Materials and Methods. To determine the significance of the difference of the strain abundances compared to the median (50%), all data points for each of the two competing strains were subjected to Mann-Whitney U test using GraphPad Prism 6. For each of the competing strains, the P values were found to be 0.0002 for growth competitions in panels A and B and 0.0574 (not significant) for panel C.
fragments per kilobase of exon per million fragments mapped (FPKM) values for RNA from M. smegmatis and M. smegmatis Δarr strains, fold changes, gene ontology, and UniProt identifiers are provided in Table S1 . As many lipid biosynthesis enzymes were differentially regulated in the M. smegmatis Δarr strain, the observations indicated that Arr affects cell wall biosynthesis. Analysis of pellicle/biofilm formation of the M. smegmatis Δarr strain revealed defective pellicle formation (Fig. 3) . These defects could be partially rescued by single-copy integration of arr (pMV361arr) at the L5 att site in the M. smegmatis Δarr strain. However, introduction of an episomal construct (pMV261 arr) restored the phenotypes to nearly wild-type levels. The Arr mutants (H18A, Y48A, and D83A) also showed rescue of the pellicle formation defect of the Δarr strain, albeit with less efficiency than the wild-type Arr strain (Fig. S3) . Consistent with the defective biofilm formation in the Δarr strain, the fatty acid biosynthesis precursors in the Cultures were grown until saturation without antibiotic, diluted 1,000-fold, mixed at a 1:1 ratio in 7H9 (0.2% glycerol, 0.2% Tween 80), and incubated at 37°C. Percent abundances of the two strains at various times in the culture were determined and plotted as described in Materials and Methods. To determine the significance of the difference of the strain abundances from the median (50%), all data points for each of the two competing strains were subjected to Mann-Whitney U test using GraphPad Prism 6. For each of the competing strains, the P values were found to be 0.0003 for growth competition in panel A and Ͻ0.0001 in panels B and C. metabolomics data revealed accumulation of fatty acid precursors as propanoyl coenzyme A (CoA), crotonoyl CoA, hydroxymethylglutaryl CoA, and acetoacetyl CoA in the M. smegmatis Δarr strain (Fig. S4) , suggesting inhibition of fatty acid biosynthesis in Arr deficiency.
(p)ppGpp levels in M. smegmatis ⌬arr strain. During nutrient deprivation, ribosomes stall due to occupancy of their A-sites by deacylated tRNAs and signal (p)ppGpp synthesis (a stress metabolite). L11 ribosomal protein regulates RelA for (p)ppGpp synthesis (27, 30) , which in turn affects biofilm formation (2, 31). As L11 is known to interact with Arr, to investigate its role in regulating (p)ppGpp levels, we analyzed the metabolites from M. smegmatis and the M. smegmatis Δarr strain by LC-electrospray ionization (ESI)-tandem MS. Use of MAVEN (metabolomic analysis and visualization engine) software (32) showed an extracted ion chromatogram with an m/z of 603.97, corresponding specifically to the (MϩH) ϩ value for ppGpp (Fig. S5) , revealing compromised levels of ppGpp in the M. smegmatis Δarr strain (chromatogram and graph in magenta) compared to those of M. smegmatis (chromatogram and graph in blue) strains. Thin-layer chromatography (TLC) analysis (Fig. 4) and EcoL11 proteins using ClustalW showed that the two proteins share high sequence identity of 64% (Fig. 5A ), allowing us to generate rplK gene deletion in E. coli KL16 in the presence of a plasmid-borne Msm-rplK gene or Eco-rplK gene as a control ( Fig. 5B and C). Expression of Arr in Msm-rplK-or Eco-rplK-supported E. coli KL16ΔrplK strains was confirmed by Rif plate assays showing an increase in Rif resistance of E. coli harboring pACDHarr up to 50 g/ml as opposed to 20 g/ml of Rif resistance of the strain harboring vector pACDH alone (Fig. S6A) . The KL16ΔrplK strains supported with EcoL11 (KL16ΔrplK/pQEEco-rplK) showed slower growth, although a mild improvement in growth occurred upon Arr overexpression (Fig. S6B , compare curves 3 and 7 with 4 and 8). However, the growth of the KL16ΔrplK strain supported with MsmL11 (KL16Δrplk/pQEMsm-rplK) was like that of the parent KL16 strain (Fig. S6B , compare curves 1, 2, 5, and 6). While the differential impact of EcoL11 and MsmL11 on strain growth is unclear, the observation that MsmL11 complements E. coli for the essential function of EcoL11 allowed us to develop the heterologous system to investigate the mechanism of Arr-mediated (p)ppGpp synthesis.
Arr supports synthesis of ppGpp in KL16⌬rplK strain when sustained on MsmL11 but not EcoL11. The KL16ΔrplK/pQEEco-rplK (supported by EcoL11) and KL16Δrplk/pQEMsm-rplK (supported by MsmL11) strains, harboring pACDH or pACDHarr, were grown in M9 medium and checked for ppGpp formation. Although E. coli KL16 is a relA spoT mutant, a background level of ppGpp (but not pppGpp) is still seen. The signal intensity for ppGpp increased upon Arr expression in the MsmL11-supported strain ( N terminus was unable to interact with Arr (25) . The N-terminal region of L11 constitutes a flexible sequence lying close to a GTPase-associated region and helps in catalyzing GTP hydrolysis by the GTPase translational factors. On the other hand, the C-terminal domain of L11 is less flexible and is embedded in the ribosomes (33) . This led us to further investigate the role of the N terminus of MsmL11 in Arr-mediated synthesis of ppGpp by generating chimeric L11 proteins (Eco-MsmL11 and Msm-EcoL11) (Fig. S7) . The KL16ΔrplK strains supported by either of the chimeric proteins were transformed with pACDH or pACDHarr. Arr expression in the strains sustained on the chimeric L11 proteins was verified by Rif plate assays and immunoblot analysis for Arr ( Fig. S8A and B) . The growth profiles of strains harboring chimeric L11 proteins were similar and did not change upon introduction of plasmid-borne arr (Fig. S9) .
Presence of N-terminal sequence of MsmL11 in Msm-EcoL11 allows Arrmediated synthesis of ppGpp. As a control, introduction of pACDHarr (wild type/ mutant) in the KL16Δrplk strains supported with EcoL11 did not result in any significant ppGpp synthesis ( suggest that a genetic interaction between the N terminus of MsmL11 and Arr (wild type or the mutant) results in ppGpp synthesis.
Interaction of Arr with L11 on ribosome. To investigate interaction of Arr with L11, we carried out polysome profiling from the KL16Δrplk strains supported with various L11 proteins and harboring either pACDH or pACDHarr (Fig. S10) . The pre-30S, 30S, 50S, and 70S fractions were manually collected (based on the absorbance at 260 nm). The fractions were ethanol precipitated and separated on SDS-PAGE. Immunoblotting with Arr-specific antibodies (Fig. 7) revealed cosedimentation of Arr with the 70S ribosomes with MsmL11. Cosedimentation of Arr with 70S ribosomes with EcoL11 was relatively poor (compare blots iii and iv). These observations suggest an interaction of Arr with MsmL11 but a poor interaction with EcoL11. As a negative control, when the strains were transformed with pACDH vector, no signals with anti-Arr antibodies were detected (blots i, ii, v, and vi). However, in this experiment, the differences in the interaction of Arr with Eco-MsmL11 and Msm-EcoL11 could not be clearly discerned (blots vii and viii). We then carried out MST (microscopic thermophoresis; NanoTemper Technologies) experiments to detect interaction affinities of Arr with the ribosomes prepared from the KL16Δrplk strains sustained on various L11 proteins. Determination of the K d (dissociation constant) using this technique is based on the directional movement of molecules along a temperature gradient, and the biomolecular interactions are measured using thermophoretic properties of the interacting molecules. The 
DISCUSSION
In nature, bacterial species compete for nutrients and may use their metabolites to inhibit the growth of other species. Identification of such antagonistic phenomenon led to the discovery of antimicrobials or antibiotics. The resistant species possess strategies to combat this antagonism. One such strategy used by the susceptible organisms is to acquire antibiotic resistance genes. Thus, the selective pressure imposed on the bacterium in its niche might have been a driving force to maintain the antibiotic resistance genes once acquired. However, with time these antibiotic resistance genes might have
FIG 7
Immunoblotting for Arr using pre-30S, 30S, 50S, and 70S ribosomal fractions from different strains. Polysome profiles were done as mentioned in Materials and Methods. Pre-30S, 30S, 50S, and 70S fractions were collected manually by observing UV maxima at 260 nm. The fractions were then ethanol precipitated and electrophoresed on SDS-PAGE gel, followed by transfer and immunoblot development with Arr-specific antibodies.
gained additional roles and therefore are maintained even in the absence of the antibiotic challenge. The fact that the presence of Arr confers a growth fitness advantage to M. smegmatis (Fig. 1 ) even in the absence of Rif selection suggests an alternative physiological function of Arr. However, even after using various biochemical techniques, we were unable to detect an intracellular target for ADP-ribosylation by Arr. Interestingly, the growth fitness advantage could be conferred even by the Arr mutants deficient in their ADP-ribosylation activity. Thus, the property of ADP-ribosylation may not be the sole role of Arr. Arr interaction with stringent response regulator ribosomal protein L11, which is also a site for RelA interaction (for ppGpp synthesis) and upregulation of arr transcripts under various stress conditions (25) 
of its N-terminal amino acids replaced with the corresponding 33 amino acids from EcoL11) resulted in the loss of function of the chimeric protein for ppGpp synthesis. These observations strongly support that Arr interaction with the N terminus of MsmL11 is responsible for the synthesis of ppGpp.
The specificity of the interaction of Arr with the N terminus of MsmL11 was further confirmed by their direct interaction using immunoblotting and microscale thermophoresis techniques. Arr led to ppGpp synthesis in the E. coli KL16ΔrplK (harboring MsmL11 or Msm-EcoL11) strain deficient for RelA and SpoT. To investigate if Arr is directly responsible for the synthesis of ppGpp, we carried out in vitro experiments. However, we did not observe ppGpp synthesis with Arr alone or together with the ribosomes purified from M. smegmatis and the E. coli KL16ΔrplK strain supported with MsmL11 (data not shown). While failure to observe synthesis of ppGpp may be interpreted to mean that Arr promotes ppGpp synthesis through unknown mechanisms, a direct role of Arr in ppGpp synthesis cannot be completely ruled out because of the probable lack of optimal reaction conditions. Nonetheless, our observations reveal that Arr plays important physiological roles. As shown in the model (Fig. 8, upper) , its ADP-ribosyltransferase activity is directly responsible for ADP-ribosylation of Rif, inactivating its RNA polymerase inhibitory activity, and conferring Rif resistance. The other activity of Arr (Fig. 8, lower) is to stimulate the stringent response by production of ppGpp via its specific interactions with the N-terminal sequence of MsmL11. Earlier studies (25) showed that Arr suppresses transcription of several ribosomal proteins and rRNA genes. Suppression of these genes was effected even by the Arr mutants (H18A, Y48A, and D83A), highlighting an ADP-ribosyltransferase-independent role for Arr (25) . Our observations that both the wild-type and the mutant Arr stimulate ppGpp synthesis (Fig. 4 and 6 ) through their interactions with the N-terminal sequence of MsmL11 provide a rationale for not only the growth fitness advantage and pellicle formation ( Fig. 1 to 3 ) but also the transcriptional suppression of the ribosomal protein and rRNA gene transcription (25) conferred by Arr as a part of its activity in mounting a stringent response (Fig. 8) .
When the bacterial population encounters nutrient starvation or other stresses during growth, bacteria reprogram cellular processes to cope with the stringent environment. There are various regulatory mechanisms in bacteria to modulate transcriptional and translational processes under such alarming conditions. In E. coli, strains producing ppGpp show higher resistance to some antimicrobials (penicillin G, cepha-losporin, cephamycin, cephathin, trimethoprim, gentamicin, polymyxin B, etc.) than the strains that do not produce ppGpp (34) . Treatment with ␤-lactam antibiotic also induces ppGpp production (9) . A direct correlation between ppGpp production and tolerance of E. coli to penicillin was also observed. Another study on peptide antibiotic microcin J25 in E. coli concluded direct correlation between ppGpp levels and microcin resistance (10) . In Enterococcus faecalis, mupirocin antibiotic treatment showed induction of high levels of ppGpp. The ppGpp levels also go up upon treatment with vancomycin antibiotic (11) . These studies support the role of ppGpp in conferring antibiotic tolerance. Our study, for the first time, reports association of ppGpp synthesis activity with the antibiotic resistance gene, arr, and the ppGpp synthesis activity is independent of any antibiotic treatment. Thus, our study has unraveled a novel role of antibiotic resistance gene arr in maintaining cellular homeostasis under environmental stress conditions.
MATERIALS AND METHODS
Strains, plasmids, and DNA oligomers. The bacterial strains/plasmids and DNA oligomers used in this study are described in Tables 1 and 2 , respectively.
Growth conditions. E. coli was grown in LB medium supplemented with different antibiotics when required. The concentrations of antibiotics used for E. coli were the following: ampicillin (Amp), 100 g/ml; kanamycin (Kan), 25 g/ml; and gentamicin (Gm), 20 g/ml. M. smegmatis was grown either in LB supplemented with 0.2% (vol/vol) Tween 80 (LBT) or in 7H9 medium with 0.2% (vol/vol) glycerol and 0.2% (vol/vol) Tween 80. Agar (1. 6%, wt/vol) and Tween 80 (0. 05%, vol/vol) were added for solid media. The concentrations of different antibiotics used for M. smegmatis were the following: Kan, 50 g/ml; Gm, 5 g/ml; hygromycin (Hyg), 50 g/ml. Rifampin (Rif) was used at various concentrations as mentioned. Unless mentioned otherwise, strains were grown at 37°C. For growth curve analysis, saturated cultures were serially diluted (as specified) in LB, M9 medium, or 7H9 medium (containing 0.5% bovine serum albumin [BSA], 0.5% Tween 80, 0.2% glycerol) with appropriate antibiotics, and 200 l of culture was aliquoted in 100-well honeycomb plates. The plate was placed in a kinetic growth reader under continuous shaking with maximum amplitude at 37°C, and growth was periodically monitored at the optical density at 600 nm (OD 600 ).
Competition assay. Saturated cultures of M. smegmatis, M. smegmatis Δarr, and M. smegmatis Δarr/pMV361arr strains were taken in triplicate and diluted 1,000-fold in 7H9 medium. The diluted cultures were mixed at a 1:1 ratio in different combinations as M. smegmatis and M. smegmatis Δarr strain or M. smegmatis Δarr and M. smegmatis Δarr/pMV361arr strains. The cultures were incubated at 37°C and streaked on LBT agar plates at different time points. After 48 h of incubation, ϳ90 to 100 of the isolated colonies from streaked plates were taken and patched on plain LBT agar and a kanamycin plate for M. smegmatis and M. smegmatis Δarr strains and on kanamycin and kanamycin/hygromycin plates for M. smegmatis Δarr and M. smegmatis Δarr/pMV361arr strains. The percent abundances of the various strains with respect to the growth time were calculated and plotted as a competition curve using GraphPad Prism 6 software. As a control, the M. smegmatis Δarr strain was transformed with vector alone and competition was repeated between M. smegmatis Δarr and M. smegmatis Δarr/pMV361 strains.
Cloning of arr and generation of Arr mutants through site-directed mutagenesis. The arr gene was PCR amplified from M. smegmatis genomic DNA using the primers arr_NdeI_fp and arr_HindIII_rp and Pfu DNA polymerase. The amplicon of 440 bp obtained was gel purified and ligated to pTrcNdeIHis vector (41) to generate pTrcNdeIHis-arr. Further, pTrcNdeIHis-arr was digested with NcoI and HindIII to release arr fragment and subcloned into pACDH plasmid at the same restriction site to generate The PCR conditions were the following: initial denaturation at 94°C for 5 min and 94°C for 1 min, annealing at a gradient of 52°C to 60°C, extension at 70°C for 11 min, and a final extension at 70°C for 10 min. The PCR product was treated with DpnI and introduced into E. coli. The mutants were identified by DNA sequencing of plasmid preparations.
Cloning of rplK and generation of rplK knockouts. M. smegmatis rplK was PCR amplified using Msm rplK fp and Msm rplK rp primers. The PCR product was digested with NcoI and BamHI and cloned into similarly digested pQE60 plasmid to generate pQEMsm-rplK. The open reading frame from pQEMsm-rplK was isolated by digestion with NcoI and HindIII and subcloned into similarly digested pACDH to generate pACDH-Msm-rplK. Cloning of E. coli rplK in pQE60 to generate pQEEco-rplK was carried out by using Eco rplK fp and Eco rplK rp primers for PCR. The Eco-Msm chimera (with N terminus from EcoL11 and C terminus from MsmL11) was generated by amplifying the 150-bp PCR product by Eco NTD chimera fp and Eco NTD chimera rp primers using pQEEco-rplK as the template. The PCR product was digested with EcoRI and HincII and ligated to similarly digested pQEMsm-rplK to generate pQEEco-Msm-rplK. Similarly, Msm-Eco chimera (N terminus is from MsmL11 and C terminus is from EcoL11) was generated by amplifying a 370-bp PCR product using Eco CTD chimera fp and Eco CTD chimera rp primers on pQEEco-rplK as the template. The PCR product was digested with HincII and HindIII and ligated to similarly digested pQEMsm-rplK vector to generate pQEMsm-Eco-rplK.
Deletion of rplK (L11) from E. coli was as follows. KL16 harboring both pACDHMsm-rplK and pKD46 plasmids was electroporated with a kan cassette amplicon having genomic flanks of the rplK gene (obtained by PCR using the primers EcoL11-KO-Fp and EcoL11-KO-Rp and pKD4 as the template). The transformants were selected on LB agar containing Amp and Kan with 0.5 mM isopropyl-␤-Dthiogalactopyranoside (IPTG). The colonies obtained were used for colony PCR with primers Eco rplK ext Fp, Eco rplK ext Rp, Eco rplK Int Fp, and Eco rplK Int Rp to confirm the KL16ΔrplK::kan/pACDHMsm-rplK strain. P1 phage lysate was generated on the KL16ΔrplK::kan/pACDHMsm-rplK strain and transduced on KL16 harboring pQEMsm-rplK, pQEEco-rplK, pQEEco-Msm-rplK, and pQEMsm-Eco-rplK. The transductants were selected on LB agar containing Amp and Kan. The colony PCR with primers Eco rplK ext Fp, Eco rplK ext Rp, Eco rplK Int Fp, and Eco rplK Int Rp were performed to confirm the KL16ΔrplK::kan strain.
RNA extraction for RNA-seq from total cellular pool and polysomal fraction from M. smegmatis and M. smegmatis ⌬arr mutant. The bacterial strains were grown in LBT (at 37°C and at 22°C) to saturation (48 h) and subcultured into 400 ml LBT (using 1% inoculum). The culture was grown for 12 h (OD 600 of ϳ0.6), treated with 0.3 mM tetracycline for 10 min under shaking conditions, and then chilled in an ice salt slurry before centrifugation. The pellet was resuspended in RNA buffer (20 mM Tris-HCl, pH 8, 3 mM dithiothreitol [DTT], 1 mM Na 2 EDTA, 15 mM MgCl 2 ), treated with lysozyme (50 mg/ml), and kept on ice for 10 to 15 min, and the solution was frozen in liquid nitrogen. The solution was thawed and then sonicated (using microprobe at 35% amplitude with five 2-s pulses for 5 cycles). The lysate was centrifuged at 13,000 rpm in a Kubota 3500 centrifuge at 4°C for 10 min. OD 260 values of the lysate of approximately 20 were used for isolation of total RNA. Similarly for isolation of RNA from polysomes, OD 260 values of the lysate of approximately 20 were used. The total cell lysate and 70S/polysomal fractions were treated with hot phenol (50 to 60°C) with intermittent shaking for a total of 5 to 8 min, followed by addition of an equal volume of chloroform. The aqueous phase was ethanol precipitated and used for extraction of RNA using a Qiagen RNeasy minikit.
Pellicle formation, SEM, and crystal violet staining. Bacterial strains were grown until an OD 600 of 0.6 in LB medium and subcultured (OD 600 of ϳ0.2) in LB. The culture was kept static at 37°C for 6 to 7 days and imaged for pellicle formation. The cultures (1% inoculum) were grown in 7H9 medium with a coverslip (sterile) dipped in the culture. After 7 to 10 days, upon pellicle formation, the coverslips were removed, air dried, fixed for 12 h using glutaraldehyde (2.5%, wt/vol), rinsed with water, dehydrated using a graded series of ethanol, and vacuum dried. The slides were coated with gold palladium and loaded for scanning electron microscopy (SEM). Crystal violet staining for biofilm was performed in test tubes in duplicates. Briefly, 10 l of cell suspension from overnight-grown culture was inoculated in 10 ml LB medium in each tube. The tubes were incubated for 8 days at 37°C. After removing broth culture slowly from tubes, biofilms were fixed with 99% methanol. The tubes were washed twice with phosphate-buffered saline and air dried. Five hundred microliters of crystal violet solution (0.2%) was added to each tube. After 5 min, the excess crystal violet was removed and the tubes were washed twice and air dried. Finally, the cell-bound crystal violet was dissolved in 33% acetic acid. Biofilm formation at OD 570 was monitored using spectrophotometry.
(p)ppGpp extraction and TLC. The (p)ppGpp levels were checked by TLC (polyethyleneimine [PEI] cellulose) of formic acid extracts from the various strains. For in vivo labeling, the protocol described earlier (31) was used. Briefly, the bacterial culture was grown until an OD 600 of 0.2. The cultures were supplemented with 100 Ci of [ 32 P]H 3 PO 4 and grown until an OD 600 of 0.9 to 1. The cells were harvested under cold conditions, washed once, resuspended in 20 to 30 l of 10 mM Tris-HCl (pH 8), and treated with 50 mg/ml lysozyme and 1% SDS for 30 min on ice, followed by addition of 13 M (final concentration) HCOOH and 4 or 5 cycles of freeze-thaw for lysis. The extract was quickly centrifuged at 13,000 rpm for 10 min at 4°C. Aliquots (5 to 10 l with equal radioactive counts) were spotted on PEI cellulose plates, developed with the mobile phase consisting of 1.5 M KH 2 PO 4 (pH 3.4), and exposed to phosphorimaging plates for visualization/quantification. To generate markers, an in vitro (p)ppGpp synthesis assay was done by taking purified RelA (Rel-Msm-NTD protein) (18) . (p)ppGpp was synthesized by adding RelA (1 g) in the presence of GDP/GTP (1 mM), ATP (1 mM), 1 Ci of [␥-32 P]ATP for 1 h at 37°C in 20 l buffer (40 mM Tris-Cl, pH 7.8, 2 mM DTT, 10 mM MgCl 2 , 100 mM NH 4 Cl). The reaction was stopped by 2% (final concentration) HCOOH and centrifuged at 13,000 rpm for 10 min at 4°C in a table-top Kubota 3500 centrifuge. The supernatants were collected separately and then diluted 200-to 500-fold in 13 M (final concentration) HCOOH and spotted (10 l) on the TLC.
Polysome profiling. The bacterial strains were grown in LB (at 37°C) to saturation (48 h) and subcultured into 400 ml of LB (1% inoculum). The culture was grown for 12 h (OD 600 of ϳ0.6), treated with 0.3 mM tetracycline for 10 min under shaking conditions, and then chilled in an ice salt slurry before centrifugation. The pellet was resuspended in RNA buffer (20 mM Tris-HCl, pH 8, 3 mM DTT, 1 mM Na 2 EDTA, 7 mM MgCl 2 ), treated with lysozyme (50 mg/ml), and kept on ice for 10 to 15 min, and the solution was frozen in liquid nitrogen. The solution then was sonicated (using a microprobe at 35% amplitude with five 2-s pulses for 5 cycles). The lysate was centrifuged at 13,000 rpm in a Kubota 3500 centrifuge at 4°C for 10 min. The supernatant (OD 260 of 20) was layered onto a sucrose gradient (15% to 35% sucrose made in buffer A). The gradient was prepared using a BioComp gradient station ip instrument, and the samples were subjected to ultracentrifugation in a Beckman ultracentrifuge using an SW55Ti rotor at 46,000 rpm/256,677.148 relative centrifugal force at 4°C for 2 h. The samples then were run on a polysome profiler (BioComp gradient station ip) and monitored by absorption at OD 260 .
MST to detect Arr binding to ribosomes. Arr was taken in 20 M concentration and labeled using the Monolith NT protein labeling kit RED-NHS (as mentioned in the NanoTemper user manual), where the dye NT-647-NHS labels the primary amine groups on lysine residues of protein. Ribosome preparation (20 M) in 10-l volumes was serially (twofold each time) diluted 16-fold in MST buffer, followed by addition of equal amounts of labeled protein (200 nM) to each dilution. The mixed sample was loaded on glass capillaries and subjected to MST analysis using Monolith NT 115 (NanoTemper Technologies). The fluorescent particles are initially distributed evenly in the capillary. An infrared laser was used to generate a temperature gradient, and the molecules/complexes moved away from the heated spot/zone. The mobility of bound and unbound molecules varies depending on their thermophoresis properties (mass, charge, and size). This difference in mobility (over a temperature gradient) is detected by changes in fluorescence of the molecules. The software plots the fluorescence signal against the concentration of the ligand, generating a binding curve revealing the dissociation constant for the interactions. The K d values were obtained for each ribosome (used as ligand) and Arr protein interaction.
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